HCN channels play a fundamental role in determining resting membrane potential and regulating synaptic function. Here, we investigated the involvement of HCN channels in basal synaptic transmission and long-term depression (LTD) at the Schaffer collateral-CA1 synapse. Bath application of the HCN channel blocker ZD7288 (10 mM) caused a significant increase in synaptic transmission that was due to an enhancement in AMPA receptor-mediated excitatory postsynaptic potentials. This enhancement was accompanied by a significant decrease in the paired-pulse ratio (PPR), suggesting a presynaptic mechanism. Experiments with the irreversible use-dependent NMDA receptor blocker MK-801 showed that ZD7288 led to an increase in glutamate release probability. LTD induced by brief application of (RS)-3, 5-dihydroxyphenylglycine (DHPG, 100 mM, 10 min) was significantly enhanced when HCN channels were blocked by ZD7288 (10 mM) prior to DHPG application. Moreover, the concomitant increase in PPR after DHPG-induced LTD was significantly larger than without ZD7288 bath application. Conversely, ZD7288 application after DHPG washout did not alter DHPG-LTD. A significant enhancement of DHPG-LTD was also observed in HCN1-deficient mice as compared with wild types. However, LTD induced by low-frequency stimulation (LFS) remained unaltered in HCN1-deficient mice, suggesting a differential effect of HCN1 channels on synaptic plasticity constraining DHPG-LTD, but not LFS-LTD.
Long-term depression (LTD) is a form of synaptic plasticity in hippocampus elicited by different types of synaptic stimulation. Activation of group I metabotropic glutamate receptors (mGluRs) with (RS)-3,5-dihydroxyphenylglycine (DHPG) induces LTD at CA1 synapses (Palmer et al. 1997; Camodeca et al. 1999) . However, the mechanisms underlying DHPG-LTD are debated, and both presynaptic (Fitzjohn et al. 2001; Faas et al. 2002; Watabe et al. 2002) as well as postsynaptic mechanisms (Huber et al. 2000; Kleppisch et al. 2001; Snyder et al. 2001; Xiao et al. 2001; Moult et al. 2006 ) were suggested. A completely different form of LTD can be induced by low-frequency stimulation (LFS-LTD) that depends on postsynaptic NMDA receptor activation and subsequent AMPA receptor dephosphorylation (Lee et al. 2000) .
Hyperpolarization-activated cyclic nucleotide-gated nonselective cation channels are assembled of HCN1-HCN4 subunits. HCN1 and HCN2 are predominantly expressed in the hippocampus (Franz et al. 2000; Santoro et al. 2000; Bender et al. 2001 ) localized on both pyramidal cells (Magee 1999; Santoro et al. 2000) and GABAergic inhibitory interneurons (Maccaferri and McBain 1996; Lupica et al. 2001; Notomi and Shigemoto 2004) . One of the most intriguing roles of HCN channels is the modulation of long-term synaptic plasticity. In the present study, we investigated the involvement of HCN channels in LTD at the hippocampal Schaffer collateral-CA1 synapse. We found that pharmacological HCN channel inhibition and genetic HCN1 gene ablation enhanced DHPG-LTD but not LFS-LTD, suggesting differential effects of HCN1 channels on different forms of synaptic plasticity.
Results

HCN channels are involved in Schaffer collateral-CA1 synaptic transmission
In order to examine the role of HCN channels on basal synaptic transmission at the Schaffer collateral-CA1 synapse, we used the specific HCN channel blocker ZD7288. As shown in Figure 1A , continuous bath application of 10 mM ZD7288 caused a slow timedependent enhancement of the field excitatory postsynaptic potential (fEPSP) slope starting about 10 min after wash-in, rising up to 151 6 15% after 70 min (closed circles, n = 7; Fig. 1A ). In contrast, interleaved untreated slices remained stable during the whole experiment (open circles, n = 6; Fig. 1A ), indicating a specific effect of ZD7288 application. Long-term experiments with ZD7288 revealed that the fEPSP slope enhancement saturated after 80 min (165 6 7%, n = 3), which remained stable up to 150 min (151 6 1%, n = 3). Thus, it is unlikely that the enhancement of fEPSP amplitude by ZD7288 is due to slice deterioration. Next, we investigated whether this effect of ZD7288 is pre-or postsynaptic by analyzing the paired-pulse ratio (PPR). In general, the Schaffer collateral-CA1 synapses display paired-pulse facilitation. We normalized the PPR to pre-drug baseline control values and found that the administration of 10 mM ZD7288 was associated with a significant decrease in the normalized PPR compared with interleaved control slices (88 6 1%, n = 7, P < 0.01; Fig. 1B) , suggesting that HCN channels may be involved in Schaffer collateral-CA1 synaptic transmission via regulation of presynaptic transmitter release rather than modulation of postsynaptic integration.
Since presynaptic HCN channels are abundantly expressed on GABAergic inhibitory interneurons in the hippocampal CA1 region, regulating synaptic transmission by GABA release and tonic inhibition of CA1 pyramidal cells (Lupica et al. 2001) , we asked whether the enhancement of synaptic transmission following HCN channel blockade with ZD7288 might be the consequence of a decreased GABA release from interneurons. In accordance with the fEPSP enhancement of ZD7288 from Figure  1A , the input-output curves normalized to baseline control values before drug application confirmed that the fEPSP slope was significantly higher after ZD7288 treatment (closed circles, n = 7, P < 0.05 vs. control; Fig. 1C ). Application of gabazine (5 mM), a specific GABA A receptor antagonist, also significantly enhanced the Schaffer collateral-evoked fEPSP slope (open squares, n = 6, P < 0.01 vs. control; Fig. 1C ). However, the fEPSP slope was almost doubled by simultaneous coapplication of ZD7288 and gabazine (closed squares, n = 5, P < 0.001 vs. control; P < 0.01 vs. gabazine or ZD7288; Fig. 1C) , indicating an additive effect of these two blockers. When these compounds were subsequently applied, the same results were obtained. In particular, gabazine-mediated fEPSP enhancement could be further increased significantly by ZD7288 application (141 6 4%, n = 4, relative to saturated gabazine response). In turn, gabazine further increased the fEPSPs after saturation of fEPSP enhancement following ZD7288 treatment (138 6 27%, n = 3, relative to saturated ZD7288 response). Thus, gabazine and ZD7288 appear to act on different sites when enhancing Schaffer collateral-CA1 synaptic transmission. This finding precludes the sole expression of HCN channels on inhibitory interneurons. Rather, HCN channels may be additionally located either on presynaptic terminals where they could control glutamate release or on postsynaptic dendrites where they would directly interfere with the fEPSP amplitude. To further discriminate between these two possibilities, we carried out a detailed analysis of the paired-pulse plasticity (interstimulus interval [ISI] = 10-500 msec). ZD7288 significantly reduced the PPR obtained at ISIs of 20-100 msec (closed circles, n = 6, P < 0.05 vs. control; Fig. 1D ). In addition, gabazine caused a significantly stronger reduction of the PPR at the ISIs of 10-200 msec (open squares, n = 6, P < 0.01 vs. control or ZD7288; Fig. 1D ). However, simultaneous coapplication of these two drugs had no further effect on the PPR (closed squares, n = 6; Fig. 1D ) as compared with gabazine alone. Given the additive fEPSP enhancement by coapplication of gabazine and ZD7288, these data are consistent with HCN channel expression on both interneurons and pyramidal cell dendrites.
To confirm that the ZD7288 bath application used for the field potential measurements actually blocked HCN channels in our conditions, we impaled CA1 pyramidal cells with sharp microelectrodes and performed intracellular current-clamp recordings. We first obtained 10 min of baseline recording, followed by 30 min of ZD7288 (10 mM) bath application, and the effect of ZD7288 was assessed by comparing the initial measurements (0 min) with those at the end of the experiment (40 min). In the first set of experiments, the cells were held at their resting membrane potential (À68 6 1 mV, n = 21). Negative current injection (from À0.1 nA to À1.4 nA, 600 msec; see inset in Fig. 2A 1 ) elicited a hyperpolarization of the membrane potential that was significantly enhanced by 60%-80% following ZD7288 ( Fig. 2A 1 ) and accompanied by a significant reduction of the depolarizing voltage sag (from 4.3 6 1.0 mV to 0.7 6 0.4 mV, P < 0.01; Fig. 2A 2 ) . As can be deduced from the current-voltage relations in Figure 2A 1 , the membrane resistance was significantly increased by ZD7288 by 63 6 18% (from 32 6 2 MV to 51 6 5 MV, n = 14, P < 0.01; Fig. 2A 3 ) . In control experiments, there was only a slight increase of the membrane resistance during the course of the experiment (from 36 6 3 MV to 41 6 7 MV), indicating stable recording conditions. In a second set of experiments, the cells were held at À70 mV by current injection at baseline, which was close to their resting membrane potential. In these recordings, ZD7288 significantly hyperpolarized the membrane potential by about 5-6 mV (closed circles; Fig. 2B ), which was not observed in control cells (open circles; Fig. 2B) . These intracellular findings demonstrate that bath application of 10 mM ZD7288 effectively blocked HCN channels in the CA1 region.
To further investigate the mechanism of enhanced synaptic transmission following HCN channel blockade by ZD7288, we Representative fEPSPs were taken from the timepoints indicated by numbers. (B) The enhancement of fEPSP induced by ZD7288 was accompanied by a significant decrease in the paired-pulse ratio (PPR) quantified as the normalized ratio of the second to the first fEPSP slope with an ISI of 40 msec. (C) Inputoutput relations normalized to control conditions indicated an increase in fEPSP amplitude at different stimulation intensities recorded 60 min after ZD7288 application (d; n = 7; P < 0.01). Bath application of gabazine (5 mM), a specific GABA A receptor antagonist, significantly enhanced Schaffer collateralevoked fEPSP (u; n = 6; P < 0.01). An additive amount of increase in fEPSPs was obtained by coapplication of gabazine and ZD7288 (j; n = 5; P < 0.001) as compared with that of gabazine or ZD7288 alone. (D) PPR of two closely spaced stimulations (from 10 to 500 msec) to Schaffer collaterals demonstrated that ZD7288 significantly depressed the PPR at ISIs between 20 and 100 msec (d; n = 6) compared with baseline control values before drug application (s; n = 22). Gabazine alone caused a significantly stronger depression of the PPR at the ISIs between 20 and 100 msec (u; n = 6), but no further PPR reduction was observed following coapplication of gabazine and ZD7288 (j; n = 5).
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www.learnmem.org isolated AMPA and NMDA receptor-mediated responses before and after ZD7288 application, while simultaneously recording field potentials (fEPSPs) and intracellular excitatory postsynaptic potentials (EPSPs) (Fig. 3A 1 ). Mirroring field potential data without NMDA receptor blockade (Fig. 1A) , isolated AMPA receptor-mediated fEPSPs (134 6 12%, n = 7, P < 0.05), and AMPA receptormediated EPSPs recorded intracellularly, were significantly enhanced following ZD7288 (184 6 18%, n = 7, P < 0.01; Fig. 3A 2 ). In contrast, isolated NMDA receptor-mediated postsynaptic potentials were decreased after ZD7288 (fEPSPs 72 6 8%; EPSPs 79 6 15%; Fig. 3A 2 ). Since, under normal conditions, glutamatergic responses are practically exclusively AMPA receptor mediated, the enhancement of synaptic transmission by ZD7288 treatment can be explained by increased AMPA receptor-mediated EPSPs. These data therefore confirm the postsynaptic HCN channel location on pyramidal cell dendrites. However, since our paired-pulse plasticity data (Fig. 1D ) also suggested an additional presynaptic effect of ZD7288, we recorded NMDA receptor-mediated EPSPs under MK-801 treatment. When applying the irreversible, use-dependent blocker of NMDA receptors, MK-801 (80 mM), the rate of decline of responses with repetitive stimulation is proportional to the release probability of the glutamatergic synapses (Hessler et al. 1993; Kokaia et al. 1998) . Following a baseline recording (in the presence of 6-cyano-7-nitroquinoxaline-2,3-dione disodium [CNQX] and gabazine, stimulation rate 0.066 Hz) of 5 min, the stimulation was switched off and MK-801 was bathapplied for 30 min. Then, the stimulation was continued in the presence of MK-801 and the decline of NMDA receptormediated EPSPs was determined. This decrease occurred significantly earlier when ZD7288 was coapplied with MK-801 as compared with controls (P < 0.05, Kolmogorov-Smirnov test; Fig. 3B 1 ) . Hence, the time constant of stimulations was significantly reduced in slices treated with ZD7288 (39 6 5 vs. 65 6 8, P < 0.05; Fig. 3B 2 ) indicating enhanced transmitter release probability following HCN channel blockade. In addition to acting on postsynaptic HCN channels on pyramidal cell dendrites, ZD7288 thus increases glutamatergic transmission at Schaffer collateral-CA1 synapses also presynaptically. These data may indicate that presynaptic HCN channels control glutamate release from Schaffer collateral terminals.
HCN channels are involved in DHPG-LTD induction, but not expression
Since one of the most intriguing roles of HCN channels is the modulation of longterm synaptic plasticity, we questioned a possible role of HCN channels in metabotropic glutamate receptor (mGluR)-dependent LTD at Schaffer collateral-CA1 synapses, which can be elicited by a brief application of DHPG, a selective agonist of group I mGluRs. In control experiments, DHPG (100 mM, 10 min) acutely depressed the fEPSP slope to 59 6 6% of baseline values. This depression partially recovered following DHPG washout, resulting in a stable LTD (71 6 4%, n = 14, P < 0.001 compared with pre-DHPG baseline) (closed circles; Fig. 4A ). In marked contrast, in slices pretreated with ZD7288 (10 mM), DHPG induced a strong initial depression of fEPSP slope (54 6 6%) followed by LTD, which was significantly larger than that observed under control conditions (62 6 7%, n = 13, P < 0.001 compared with pre-DHPG baseline; Fig. 4B ; P < 0.05 vs. ZD7288-untreated slices shown in Fig. 4A ). Intriguingly, DHPG-treated slices showed the fEPSP slope enhancement by ZD7288 before DHPG application, but not thereafter, indicating an interaction between mGluRs and HCN channels. Thus, we questioned whether this interaction can also be observed when ZD7288 is applied 20 min after DHPG washout. The fEPSP slopes during DHPG application and up to 20 min of DHPG washout were similar to those obtained in control slices. However, when ZD7288 was applied, the fEPSP slopes increased in both interleaved control and DHPG-treated slices (125 6 11%, n = 14, and 74 6 7%, n = 13, respectively; Fig. 4C ). From these results we conclude that HCN channels appear to specifically interfere with mGluRs during DHPG-LTD induction.
For the direct comparison of these experiments we normalized the data of DHPG-treated slices to their interleaved control experiments without DHPG as shown in Figure 4D ,F. Both the acute depression, as well as the DHPG-LTD level, were significantly enhanced in slices continuously bathed with ZD7288 (black bars, HCN1 constrains DHPG-LTD www.learnmem.org 46 6 6% and 41 6 4%, respectively, n = 13) compared with control (open bars, 59 6 6% and 71 6 4%, respectively, n = 14). Moreover, DHPG-induced LTD in slices treated with ZD7288 after 20 min of DHPG washout was not different from control conditions, but was significantly less compared with LTD in slices with continuous ZD7288 treatment (gray bars, 58 6 5%, n = 13). These results demonstrate that HCN channel inhibition during DHPG-LTD induction, but not after DHPG washout, significantly enhances DHPG-LTD, suggesting a constraining role of HCN channels in mGluR-dependent LTD induction, but not in LTD expression at Schaffer collateral-CA1 synapses.
To identify the site of ZD7288 action on LTD enhancement, the PPR following DHPG-induced LTD was calculated and normalized to the data of interleaved DHPG-untreated slices. Control slices and slices with ZD7288 application after 20 min of DHPG washout showed a small but significant rise in the PPR (106 6 1%, n = 14, and 118 6 3%, n = 13, respectively; both P < 0.05 compared with pre-DHPG-baseline; Fig. 4E ), whereas the slices continuously bathed with solution containing ZD7288 showed a significantly stronger increase in the PPR (133 6 3%, n = 13, P < 0.05 compared with both of the other groups), suggesting a modulation of DHPG-LTD via presynaptic HCN channels on Schaffer collateral terminals.
HCN channels involved in DHPG-LTD are of the HCN1 subtype
To rule out unspecific effects of ZD7288 (Chevaleyre and Castillo 2002; Chen 2004) and to identify the HCN subunit, we used HCN1 channel knockout mice. The input-output curves for homozygous HCN1 channel knockout mice (HCN1 À/À , closed circles, Fig. 5A ) did not differ significantly from those obtained from wild-type littermates (HCN1 +/+ ; open circles; Fig. 5A ), whereas the PPR for HCN1 À/À mutants was significantly smaller than the PPR for HCN1 +/+ mice at the ISIs of 20-100 msec (Fig. 5B) . These results confirmed our data with ZD7288 indicating that HCN1 is the responsible subunit for the modulating effects of HCN channels on short-term plasticity. Importantly, DHPG-induced LTD was strongly enhanced in HCN1 À/À mice (closed circles, 53 6 8%, n = 9; Fig. 5C ) as compared with wild-type littermates (open circles, 81 6 5%, n = 7, P < 0.05; Fig.  5C ). In contrast to DHPG-LTD, the levels of NMDA receptor-dependent LFS-LTD did not differ between HCN1 +/+
and HCN1
À/À (77 6 9%, n = 11 and 79 6 5%, n = 8, respectively; Fig. 5D,F) without changes of the PPR indicating postsynaptic induction mechanisms (Fig.  5E ). Taken together, our data demonstrate that HCN1 channels constrain mGluR-dependent DHPG-LTD, but not NMDA receptor-dependent LFS-LTD at the Schaffer collateral-CA1 pyramidal cell synapse.
Discussion
HCN1 channels modulate synaptic transmission at the Schaffer collateral-CA1 synapse
We have shown that basal synaptic transmission and mGluRdependent LTD, but not NMDA receptor-dependent LTD are modulated by HCN1 channels at Schaffer collateral-CA1 synapses. Blockade of HCN channels by ZD7288 caused a time-dependent increase in fEPSP amplitude, which was accompanied by a decrease in the PPR. This decrease in PPR was confirmed in HCN1 knockout mice, and indicates a presynaptic site of action by HCN1 channel inhibition or ablation. Thus, in our hands, ZD7288 did not cause AMPA receptor inhibition as has been described (Chevaleyre and Castillo 2002; Chen 2004) . Moreover, intracellular recordings confirmed the enhancement of AMPA receptor-mediated EPSPs by ZD7288. We therefore propose that the low dosage of ZD7288 used in the present study (10 mM), which was clearly effective in HCN channel blockade, did not exert unspecific AMPA receptor inhibition that had been observed at mostly higher concentrations (Chevaleyre and Castillo 2002; Chen 2004) . In contrast, the concentration needed to block NMDA receptors appears to be much lower, since NMDA receptor-mediated responses were decreased following ZD7288, as had been reported before (Chen 2004) .
Previous reports have suggested that HCN channels are present at excitatory presynaptic terminals and may modulate transmitter release in the chick ciliary ganglion (Fletcher and Chiappinelli 1992) , the crayfish neuromuscular junction (Beaumont and Zucker 2000) , the rat calyx of Held synapse (Cuttle et al. 2001) , and in the hippocampus (Bender et al. 2007 ). On the other hand, there is abundant evidence for presynaptic HCN channels on GABAergic inhibitory interneurons (Svoboda and Lupica 1998; Southan et al. 2000; Lupica et al. 2001; Aponte et al. 2006 ). Gasparini and DiFrancesco (1997) previously observed that the presence of ZD7288 strongly reduced IPSPs following stimulation of Schaffer collaterals and suggested that the major component of the inhibitory input to CA1 pyramidal neurons was controlled by an HCN channel-dependent mechanism. Furthermore, Lupica et al. (2001) have reported that interneuronal HCN channels facilitate GABA release onto CA1 pyramidal neurons by regulating the resting membrane potential. However, these mechanisms can only partly explain our present results. One possibility is that presynaptic HCN1 channels are directly involved in transmitter release at the glutamatergic Schaffer collateral-CA1 synapse. Since application of the GABA A receptor antagonist gabazine strongly enhanced the Schaffer collateral-evoked fEPSP amplitude with a concomitant drop of the PPR, our results may be explained by an indirect fEPSP enhancement via presynaptic inhibition of Schaffer collateral terminals, rather than via modulating the GABAergic input on pyramidal cell dendrites. Thus, presynaptic HCN channels on GABAergic interneurons cannot be excluded. However, inhibition of both GABA A receptors and HCN channels should not have a larger effect than the individual drugs alone, if only GABAergic terminals had presynaptic HCN channels. Quite contrary to that, we actually found a significantly additive effect of these two blockers, indicating a partly independent site of action of GABA A receptors and HCN channels. We believe this may be most parsimoniously explained by additional presynaptic HCN channels on Schaffer collateral terminals. The intracellular recordings with MK-801 confirmed the enhanced glutamate release probability following ZD7288. Moreover, our knockout data indicate the predominant role of the Figure 4 . HCN channels constrain mGluR-dependent LTD induction, but not expression. (A) Metabotropic glutamate receptor (mGluR)-dependent LTD was induced by brief bath application of (RS)-3,5-DHPG (indicated by black bar, 100 mM for 10 min; d). Representative fEPSPs in the inset of each graph were taken at the time indicated by the numbers. Data from control slices without DHPG (s) were taken from Figure 1A for the sake of clarity. (B) In comparison to control slices, DHPG induced more pronounced LTD when slices were incubated in solution containing 10 mM ZD7288 (d). Data from ZD7288-treated slices without DHPG (d) were taken from Figure 1A for the sake of clarity. (C) To show the effect of HCN channel blocker on DHPG-LTD expression, ZD7288 was applied 20 min after the LTD induction as indicated by the gray bar. Note that following ZD7288 application, the fEPSPs were gradually enhanced in both interleaved controls and DHPG-treated slices. (D) Summary of all experiments showing DHPG-LTD normalized to their interleaved controls without DHPG application. Note that slices bathed continuously with ZD7288 (d) showed significantly more pronounced DHPG-LTD than control slices (s) as well as slices with ZD7288 application after DHPG washout (gray circles). (E) Comparison of the concomitant change in the PPR (calculated as the ratio of the slope of the second pulse-evoked fEPSP to the first pulse-evoked fEPSP) of DHPG-treated slices normalized to DHPGuntreated slices following DHPG-LTD. Control slices (s) and slices in which ZD7288 was applied after DHPG washout (gray circles) showed a small but significant rise in the PPR, whereas in the slices continuously bathed with solution containing ZD7288 (d), the PPR was even significantly stronger compared with both of the other experimental groups. (F) Bar graphs comparing DHPG-induced acute depression and LTD. Both acute depression (DEP) as well as DHPG-LTD were significantly enhanced in slices continuously perfused with ZD7288-containing solution (closed bars) compared with that of control slices (open bars) or slices in which ZD7288 was applied after LTD induction (gray bars). The numbers of all groups are given in brackets (number of DHPG-treated slices/number of DHPGuntreated slices).
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HCN1 channels modulate DHPG-LTD at the Schaffer collateral-CA1 synapses
In the second part of our study, we observed an impairing role of HCN channels on DHPG-LTD at Schaffer collateral-CA1 synapses using both ZD7288 and HCN1 gene ablation. As a methodological aspect, LTD generation is generally facilitated by decreased inhibition or hyperexcitable (0 Mg 2+ ) conditions (Palmer et al. 1997) , although under our experimental conditions, blockade of inhibition with the GABA A receptor antagonist gabazine did not enhance DHPG-induced LTD (Rohde et al. 2009 ). Since, in our hands LTD could thus be induced sufficiently under normal conditions, we refrained from any further manipulation of the GABAergic system or the ionic microenvironment for the present study. Up to now, the cellular mechanisms underlying DHPG-LTD still remain ambiguous. While presynaptic expression mechanisms have been suggested on the basis that it was associated with an increase in the PPR (Fitzjohn et al. 2001; Faas et al. 2002; Watabe et al. 2002) , there is almost equal evidence arguing strongly in favor of postsynaptic changes (Huber et al. 2000; Kleppisch et al. 2001; Snyder et al. 2001; Xiao et al. 2001; Moult et al. 2006) . In the present study, DHPG-LTD was accompanied by a rise in the PPR, supporting presynaptic mechanisms by reducing transmitter release probability, even though it was not the aim of this study to explore the site of DHPG-LTD expression. More importantly, however, we found that the amount of DHPGinduced LTD and the concomitant PPR increase was significantly enhanced by the presence of ZD7288, suggesting a presynaptic modulation of DHPG-LTD via HCN channels. Since an increase of membrane resistance leads to an increase of EPSPs (and fEPSPs), the suppressive effect of ZD7288 in LTD induction is likely to be underestimated.
But how might presynaptic HCN channels regulate transmitter release at excitatory synapses? The mechanisms by which presynaptic HCN channels modulate transmitter release at excitatory synapses are far from understood: They may differ between individual synapses (Nolan et al. 2004 ) and may depend on presynaptic firing frequencies (Aponte et al. 2006; Bender et al. 2007) . We have recently shown that in the mammalian hippocampus presynaptic HCN channel blockade can enhance short-term depression at the immature medial perforant path-granule cell synapse (Bender et al. 2007) . Likewise, in our present study, HCN channel inhibition and HCN1 gene ablation caused an enhancement of DHPG-LTD. Further studies are necessary to shed more light on presynaptic HCN channels and their impact on transmitter release probability.
Materials and Methods
Slice preparation and maintenance ) and the corresponding controls were purchased from Jackson Laboratory (Bar Harbor, ME) and bred at the Institute of Physiology, Rostock, Germany.
After deep anesthesia with diethyl ether, animals were decapitated and the brain was rapidly removed and submerged into oxygenated ice-cold dissection solution containing (in millimolars) 125 NaCl, 26 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 0.2 CaCl 2 , 5 MgCl 2 , and 13 D-glucose (gassed with 95% O 2 , 5% CO 2 at pH 7.4). Horizontal brain slices (400 mm) of the hippocampus were prepared using a vibratome, and then transferred into a holding chamber with artificial cerebrospinal fluid (ACSF) containing (in millimolars) 125 NaCl, 26 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 2.5 CaCl 2 , 1.3 MgCl 2, and 13 D-glucose (gassed with 95% O 2 , 5% CO 2 ; pH 7.4).
Electrophysiological recording and analysis
Field excitatory postsynaptic potentials (fEPSPs) were recorded at 32°C (TC-10, npi electronic GmbH) using borosilicate glass pipettes (2-3 MV, pulled with PIP5 from HEKA Elektronik) filled with ACSF. Paired-pulse bipolar stimulation (ISI 40 msec) was delivered with a Master-8 stimulator (AMPI) at a rate of 0.025 Hz, and baseline stimulation strength adjusted to 30%-40% of the maximal fEPSP amplitude. Amplified signals were filtered at 1 kHz (EXT-10-2F, npi), digitized (Micro1401, CED, Cambridge Electronic Design) and analyzed (Signal 2.16, CED). The mGluR-dependent LTD was induced by bath application of (RS)-3,5-DHPG. The NMDA receptor-dependent LTD was induced by low-frequency stimulation (LFS) consisting of 900 stimuli at 1 Hz (15 min) administered at double-baseline stimulation intensity. The PPR at an ISI of 40 msec was calculated as the ratio of the slope of the second pulse-evoked fEPSP to the first pulse-evoked fEPSP.
Intracellular recordings were performed in CA1 pyramidal cells impaled with borosilicate glass microelectrodes (80-120 MV, pulled with P-97, Sutter Instrument, and filled with 3 M potassium acetate and 0.3 M KCl) using an SEC-05 amplifier (npi) at 32°C (TC-10, npi). In these recordings the membrane potential, the membrane resistance, and the depolarizing voltage sag upon hyperpolarizing current injection were measured in order to assess the ZD7288 effect. The membrane resistance was calculated as the slope of the current-voltage curve obtained by hyperpolarizing current injection (from À0.1 nA to À1.4 nA). The depolarizing voltage sag was measured as the difference between the minimum of the hyperpolarizing membrane potential and the steady-state membrane potential at the end of the current injection (À1.4 nA for 600 msec, see inset of Fig. 2A 1 ) . AMPA receptor-mediated excitatory postsynaptic potentials (EPSPs) were recorded in the presence of D-(À)-2-amino-5-phosphonopentanoic acid (D-AP5, 50 mM). NMDA receptor-mediated EPSPs were recorded in gabazine (5 mM) and 6-cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX, 10 mM). To gage the impact of HCN channels on presynaptic mechanisms, experiments with the irreversible usedependent NMDA receptor blocker (5S,10R)-(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate (MK-801, 80 mM), CNQX and gabazine (5 mM) at a stimulation frequency of 0.066 Hz were performed in the presence and absence of ZD7288 (Hessler et al. 1993; Kokaia et al. 1998) .
Gabazine, (RS)-3,5-DHPG, CNQX, D-AP5, MK-801, and ZD7288 were purchased from Tocris. All other chemicals were purchased from Sigma. All data are expressed as means 6 SEM. Statistical comparisons were performed using the Student's two-tailed t-test, analysis of variance (ANOVA), or KolmogorovSmirnov test. The level of significance is indicated by asterisks: (*) P < 0.05; (**) P < 0.01; (***) P < 0.001.
